In order to maximise the mass centre vertical velocity at toe-off and thereby jump height the approach parameters in high jumping must be optimised. The present study aimed to determine the influence on jump height of the approach speed, the leg plant angle and the knee angle at touchdown. Sixteen trials by an elite male high jumper were recorded in a single training session. Direct intervention was used to induce a change in technique so that a greater range in approach speed was obtained than was observed in competition. The optimum approach was shown to be fast (7.0 m.s -1 ) with the leg planted away from the vertical (34°) and with minimum knee flexion. A regression equation was obtained which was able to account for 79% of the observed variation in jump height. Jump height performance was shown to be most sensitive to changes in leg plant angle and knee angle at touchdown.
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Introduction
The high jump comprises three distinct phases: the approach run to the bar, the plant and takeoff, and the flight phase and bar clearance. Dapena (1988) observed that the purpose of the approach is to set the appropriate conditions for the beginning of the takeoff phase. The takeoff phase is defined as the period of time between the instant when the takeoff foot first touches the ground (touchdown or plant) and the instant when it loses contact with the ground (toe-off). The peak height of the mass centre during the flight over the bar is dependent on the height and vertical velocity of the mass centre at toe-off. The mass centre height at toe-off is largely dependent on the standing height of the athlete and so the high jumper should therefore strive to maximise the vertical mass centre velocity at toe-off.
In order to maximise the mass centre vertical velocity at toe-off the approach parameters must be optimised. Alexander (1990) used a two segment simulation model with a single muscle to show that jump height was maximised at intermediate values of approach speed and plant angle. However the optimum technique determined by Alexander's model was not specific to any athlete. Dapena et al. (1990) collected data on 77 elite high jumpers in competition. In contrast to the quadratic type of relationship between approach speed and jump height for a single athlete obtained by Alexander, Dapena et al. found a linear relationship between approach speed and jump height when using the best jump of each athlete. The faster approach speeds used by the stronger jumpers were shown to produce greater jump heights. However such a study on many athletes is limited in what can be stated regarding any one individual athlete. Indeed no optimum values can be given for individual athletes based on data from a single jump by each athlete.
In contrast to the approach used by Dapena, data collected on multiple performances by a single athlete may give insight into an individual's optimum technique. In a high jumping competition a single athlete will perform typically about eight jumps and there will be only small ranges in the approach parameters such as run-up speed. Furthermore, if the athlete enters the competition early (at a low bar height) then not all of the jumps may be maximum efforts. Each of these factors reduces the likelihood of obtaining a result of statistical significance using data collected in competition.
The training environment provides greater experimental control than competition since a greater amount and a greater range of data may be collected. Direct intervention may be used with the cooperation of the athlete in the training environment so that the technique may be manipulated in some way. The subsequent influence on jump height performance may then be investigated. This form of intervention is generally not possible during a competition. However, Hay (1985) suggested that athletes may perform differently in training than they do in competition. Furthermore, Dapena et al. (1990) held the opinion that a high jumper cannot make many maximum effort jumps in a single day.
Many coaches advocate a fast and low approach to the bar. Woicik (1983) stated that the athlete should lower the mass centre in such a way as to maintain horizontal velocity. However Dapena (1988) considered that the athlete may be too fast as a result of excessive approach speed and too low as a result of an excessive plant angle. Many coaches describe a "buckling" of the takeoff leg if the jumper exceeds the optimum approach speed or plant angle. So what is the optimum approach speed and plant angle for an elite high jumper, and how does jump height vary away from optimum technique? The sensitivity of jump height to changes in parameters such as approach speed may have important coaching implications.
The purpose of the present study was to determine how the maximum height of the mass centre during flight is dependent on the horizontal speed of the mass centre, the plant angle, and the knee angle of the takeoff leg at touchdown for an elite high jumper and to consider whether these experimental relationships are consistent with the theoretical results of Alexander (1990) .
Method
The subject was an elite male high jumper of height 1.96 m and mass 78.7 kg with a personal best competition performance of 2.32 m. Segmental inertia parameters of the subject were calculated from 95 anthropometric measurements using the mathematical inertia model of Yeadon (1990b) .
The data collection was carried out during a training session at the Loughborough University athletics track. The approach speed was varied by gradually increasing the length of the approach and by instructing the athlete to vary the pace of the approach. As the length of the approach increased the bar was raised to give the athlete a realistic target and to make the task more familiar.
Sixteen jumps were recorded using a Locam II 16 mm high speed cine camera operating at a nominal rate of 200 frames per second and a Panasonic F15 SVHS video camera with a Panasonic AG-5475 video recorder operating at 50 fields per second . The actual frame rate of the cine camera was determined by recording a millisecond timing device before and after the jumps session. The cine camera axis was placed perpendicular to the final direction of the approach while the video camera viewed the final part of the approach from behind the athlete. The image analysis of each jump started prior to the penultimate foot contact of the approach and continued until the flight path of the mass centre had passed its peak.
Prior to digitising the jump sequences, 18 control points were digitised to allow the calibration of a volume measuring 6 m x 4 m x 2.4 m using the Direct Linear Transformation (DLT) method (Karara, 1980) . In the movement fields 15 body landmarks were identified and digitised for each camera view. The three-dimensional coordinates of the wrists, elbows, shoulders, hips, knees, ankles, toes and the mid-head were then obtained using the DLT reconstruction procedure. Reconstruction error estimates were obtained for the threedimensional coordinates of the calibration points. The precision in the reconstruction of the three-dimensional coordinates of the body landmarks was estimated from the residuals in the DLT reconstruction as described in Yeadon and King (1999) . Whole body mass centre location was calculated from the coordinates of the body landmarks and the segmental masses and relative mass centre locations. Orientation and configuration angles were calculated using the methods of Yeadon (1990a) . No data smoothing was used at any stage of the calculations.
Interpolating quintic splines (Wood and Jennings, 1979) were fitted to the digitised coordinate data to allow the estimation of data values at 0.005 s intervals for both video and film. In order to determine the synchronisation offset between the data obtained from the two cameras, different offsets at intervals of 0.001 s were used. For each time offset the corresponding root mean square distance of the 15 body landmarks from the four DLT planes over all film frames was calculated. The synchronisation offset that minimised the root mean square distance was used (Yeadon and King, 1999) .
Four performance variables were identified. The jump height h was defined as the peak height reached by the whole body mass centre of the athlete, irrespective of its location relative to the high jump bar. The approach speed v was defined as the average horizontal speed of the mass centre from the penultimate touchdown to the final touchdown. The leg plant angle φ and the knee angle γ were defined at touchdown as shown in Figure 1 .
The influence on jump height of each of the approach parameters was considered. Evidence of both linear and quadratic correlation with jump height was investigated for each approach parameter. The inter-relationships of the approach parameters were also considered. The interdependence of approach parameters was accounted for by using residual values obtained by linear detrending with respect to each of the approach parameters. This is the procedure used repeatedly in stepwise regression (Draper and Smith, 1981) . to reconsider the quadratic relationships between jump height and approach variables. Variables were also linearly detrended with respect to v and γ and regressions of h v and h γ considered. No residual values in v γ or γ v were used due to the strong linear correlation between v and γ. The sensitivity of jump height to changes in the approach parameters that might be expected in competition was determined using the statistical relationships derived from the training data.
Results
The actual frame rate of the cine camera both before and after the jumps session was 198.0 Hz. It was therefore assumed that the frame rate had remained constant throughout the data collection. The reconstruction error estimate of the three-dimensional coordinates of the calibration points was 0.009 m. The precision estimate of the locations of the digitised body landmarks was 0.026 m. Linear regressions of jump height against each of the approach parameters produced the following equations:
( 1) Quadratic regression equations were derived to investigate the non-linear relationships presented by Alexander (1990) . In the previous regression equations it was implicitly assumed that the sole influence on jump height was the approach parameter included in the regression. Next the inter-relationships of the approach parameters were determined using linear correlation. There was a fairly strong and significant linear correlation between φ and v (r² = 0.576, p < 0.001) and between φ and γ (r² = 0.550, p < 0.001). There was a very strong and significant linear correlation between v and γ (r² = 0.827, p < 0.001). All of these correlations were positive so that faster approaches were associated with a straighter leg planted further away from the vertical.
The quadratic relationships between jump height and each of the approach parameters were reconsidered using residual values obtained by linearly detrending with respect to each of the approach parameters. For example h was linearly detrended with respect to φ using equation (2) so that:
(7) h φ = h -(1.6127 + 0.01643φ) Similarly using equations (1) and (3): (8) (10) - (13) since the process of detrending centres the data so that the mean value of each detrended variable is zero and since a regression line or plane passes through the point corresponding to mean values. No residual values in v γ or γ v were used due to the strong linear correlation between v and γ. It can be seen that there were significant quadratic relationships between jump height and plant angle, particularly when linearly detrended for approach speed [smaller p values in equation (11) than in equation (12) (10), (11) and (14)) may be rewritten without the use of residual values using equations (7), (8) (7), (15) and (16) in equation (10) (7) and for an expression for γ φ in equation (14) leads to: (19) h = 1.071 + 0.00586 γ + 0.00304 φ s.e. = 0.025 m r² = 0.723 Adjusted jump height values h adj1 , h adj2 , h adj3 were obtained by normalising the jump height with respect to the mean value of the approach parameter used in the linear detrending. Equations (17), (18) and (19) were re-written as: (20) (20) - (22) (Figures 5 & 6 ). There was a significant linear relationship between the adjusted jump height and the knee angle at touchdown (Figure 7) . Equation (18), relating the jump height h to the approach speed v and the leg plant angle φ, had a larger r 2 value than equations (17) and (19). Equation (18) Table 1 shows the recorded approach speed v, leg plant angle φ and knee angle γ for each of the 16 jumps. Also shown are the predicted jump height h pred calculated using equation (26) and the actual jump height h act . Over the 16 jumps the standard deviation in h act was 0.044 m. Figure 8 shows the relationship between h pred and h act and a linear function defined by h pred = h act . In competition a full length approach is used and the ranges of values in each approach parameter are smaller than in the present study. The range in approach speed for the six full length approaches (trials 11-16 in Table 1 ) was 0.50 m.s -1 compared with the overall range of 1.53 m.s -1 . The variation in jump height arising from the variation in each approach parameter (v, φ, γ) was determined using the three regression equations for h adj1 , h adj2 , h adj3 together with the approach parameter values of the six full length approaches. The results are shown in Table 2 . Table 2 The sensivity of jump height to changes in approach parameters Hay (1985) stated that a high jumper may perform differently in training than in competition, with these differences evident in both the heights jumped and the technique used. In the present study a maximum jump height h of 2.22 m was achieved. The maximum recorded approach speed v was 7.26 m.s -1 . For the same athlete in competition Greig (1998) showed that jump height h varied from 2.19 -2.25 m with a range in v of 6.95 -7.29 m.s -1 . The data collected in the present study can therefore be considered to be representative of the athlete's competition technique. Dapena et al. (1990) proposed that a high jumper cannot make many maximum effort jumps in a single day. In the present study 16 jumps were analysed. It is possible therefore that some of the jumps, or indeed all of the jumps, were not "all out" efforts. This situation would have two effects. Firstly there would be additional variance in the data and this would tend to obscure the relationships between variables. Secondly the maximum possible jump height would tend to be underestimated.
Discussion
The non-linear theoretical relationships between jump height, approach speed and plant angle (Alexander, 1990) were confirmed by the experimental results in that (after linear detrending) jump height was significantly correlated with quadratic functions of approach speed and plant angle. The optimum approach speed and plant angle derived from these equations were 7.00 m.s -1 and 33.7° respectively. These are similar to the mean values of 7.02 m.s -1 and 35.3° for the six full length approach jumps. A significant linear relationship was obtained between jump height and knee angle at touchdown, indicating that jump height is maximised with a straight leg at touchdown. Again this result is in agreement with the theoretical finding of Alexander (1990) . For the six full length approaches the knee angle ranged from 170.5° to 177.2°.
The recorded approach speed and plant angle values were substituted into equation (26) containing terms in φ, φ² and v to calculate the predicted jump height for each of the 16 jumps. Since this regression equation was able to account for 79% of the observed variation in jump height over the 16 jumps it may be concluded that performance in high jumping is largely dependent on the approach.
The sensitivity of jump height performance to the changes in each approach parameter was evaluated using the six full length approaches. Over the six jumps the jump height varied by 0.047 m. The range in approach speed was shown to produce a range in jump height of only 0.004 m whereas the range in plant angle produced 0.041 m variation in jump height, and the knee angle range produced a variation of 0.039 m in jump height. Jump height was therefore shown to be most sensitive to changes in the leg plant angle and the knee angle at touchdown. The technical implications are that in order to maximise jump height this athlete should plant his leg at 34 o to the vertical with minimum knee flexion and approach at around 7 ms -1 . Whenever data are obtained on the performances of a single athlete there is always the possibility that the technique employed is very subject specific. Unless there are compelling theoretical reasons for believing that other athletes will behave similarly it is not possible to generalise the results of such a study. The technical implications described above arise from the quadratic relationships between jump height and approach velocity and between jump height and plant angle, and the linear relationship between jump height and knee angle. Simulation models of jumping have established that these relationships arise from the mechanics of the system rather than from individual idiosyncrasies of technique (Alexander, 1990; Greig, 1998; Yeadon, 1998) . This gives some optimism for the expectation that similar results will be obtained for other elite high jumpers. The parameters of the quadratic relationships depend largely on the muscular characteristics of the athlete and these will vary with the height that the mass centre can be raised during flight (Dapena et al., 1990) . High jumpers who are shorter than 1.96 m and have peak heights around 2.20 m, or jumpers who are the same height as the subject of the present study but jump higher, may be expected to have optimum approach speeds in excess of 7 m.s -1 and optimum leg plant angles greater than 34 o . In all cases the optimum knee angle may be expected to be close to 180 o .
